A irway epithelial cells form a complex physical barrier that defends against harmful substances and microbial pathogens. Airway epithelial cells also function in the regulation of immune responses through production of cytokines and chemokines and via interactions with cells of the immune system. Epithelial activation results from direct exposure of epithelial cells to injurious material, exposure to pathogen-associated molecular patterns (PAMPs) 3 that trigger TLRs, or exposure to activating cytokines derived from tissue cells or infiltrating leukocytes (1) (2) (3) (4) (5) (6) . Activation of epithelial cells can result in immediate host defense responses, as they are induced to produce host defense molecules. In addition, prolonged or robust epithelial activation can result in the release of proinflammatory cytokines and chemokines that attract inflammatory cells. Activation of epithelium and production of cytokines and chemokines have been of particular interest in allergic conditions such as asthma and allergic rhinitis (7, 8) . It has been studied widely because these mediators influence the activity of inflammatory cells such as eosinophils, T cells, B cells, and mast cells, which are the characteristic infiltrating cells in these disorders (7, 8) .
The production of IgA and IgE from B cells has been known to be critical in allergic diseases. Diaz-Sanchez et al. (9) demonstrated local IgE production in the upper airways of human subjects. Recent evidence has demonstrated that extensive Ig class switch recombination (CSR) and IgE production occur in the nasal mucosa of patients with allergic rhinitis and in the bronchial mucosa of asthmatics (10, 11) . In addition, activated IgA-and IgEexpressing B cells have been found in the airway mucosa of patients with these diseases. Due to the recognized importance of IgE in asthma and rhinitis, the local activation of B cells in the airway has been proposed to be an important event in the pathogenesis of allergic airway diseases. CSR is a process by which B cells shift from expression of the IgM H chain C region (C) to another C region to make a new isotype of Ab (e.g., switching from IgM to IgA or IgE). Ags elicit CSR in germinal center B cells through interactions between CD40 on B cells and the TNF ligand superfamily (TNFSF) member CD40L (also known as CD154 and TNFSF5) on activating CD4 ϩ T cells (12, 13) . Although CSR is generally thought to be highly dependent on CD40, it is also reported that viral and bacterial products can induce Ig production in the absence of T cells or CD40-dependent signaling (14 -17) .
A proliferation-inducing ligand (APRIL; also known as TNFSF13) and B cell-activating factor of the TNF family (BAFF; also known as BLyS, TNFSF13B, TALL-1, and THANK) are recently identified members of the TNFSF that play important roles in B cell maturation and function (18 -21) . BAFF promotes B cell survival and proliferation (21) (22) (23) . BAFF and APRIL also promote CD40-independent, T cell-independent CSR and Ig production (15, 24) . BAFF binds to three receptors that are selectively expressed on B cells, including transmembrane activator and CAML interactor (TACI), B cell maturation Ag (BCMA), and BAFF receptor (BAFF-R) (21) (22) (23) . APRIL also binds to TACI and BCMA, but not BAFF-R, which only binds BAFF (21) (22) (23) . BAFF-R is a potent regulator of mature B cell survival (25, 26) . In contrast, TACI has been considered to suppress B cell proliferation and survival. BCMA does not appear to be important for B cell homeostasis, but is required for optimal survival of plasma cells. BAFF-R and TACI are also able to signal class switching to IgG and IgE, but the class switch to IgA is regulated by TACI only (24) . It has been reported that elevated amounts of BAFF can be found in the serum of autoimmune patients, such as those with systemic lupus erythematosus, rheumatoid arthritis, and Sjogren's syndrome, and the potential therapeutic efficacy of Abs against BAFF has been investigated (22, 27, 28) . BAFF transgenic mice have high levels of total Igs, rheumatoid factors, and circulating immune complexes in their serum, whereas animals or humans lacking BAFF or BAFF-Rs have minimal B cells and Ig responses (29, 30) . Thus, it has been suggested that BAFF plays an important role in both normal immune responses and autoimmune disease pathogenesis. In contrast to autoimmune disease, little is known about the role of BAFF and APRIL in inflammatory diseases of the airways.
Functional TLR family members are known to be expressed on airway epithelial cells (6, (31) (32) (33) (34) . In the present study, we investigated whether members of the B cell-activating TNFSFs, CD40L, APRIL, and BAFF were expressed or induced by TLR ligands in airway epithelial cells. We discovered that BAFF was strongly and significantly induced by the TLR3 ligand dsRNA and that expression of BAFF is critically regulated by TLR3-and IFN-␤-dependent signaling in airway epithelial cells. These findings raise the possibility of an important interaction between airway epithelial cells and B cells and lead to the hypothesis that the production of BAFF by epithelial cells may contribute to local accumulation, activation, CSR, and Ig synthesis by B cells in the airway.
Materials and Methods

Reagents
Zymosan A from Saccharomyces cerevisiae, LPS from Escherichia coli, serotype 0111:B4, and fluticasone propionate (FP) were purchased from Sigma-Aldrich. Poly(I:C) (dsRNA) (Amersham Biosciences), peptidoglycan (PGN) from Staphylococcus aureus (Fluka), flagellin isolated from Salmonella typhimurium strain 14,028 (Apotech), and R-848 (InvivoGen) were purchased from the indicated sources. CpG oligodeoxynucleotide 2216 (CpG-A; 5Ј-ggGGGACGATCGTCgggggG-3Ј, small letters, phosphorothioate linkage; capital letters, phosphodiester linkage 3Ј of the base) was synthesized at Sigma Genosys. Recombinant human IL-1␤, IL-4, IL-6, IL-10, IL-12, IL-15, TNF-␣, IFN-␤, IFN-␥, G-CSF, GM-CSF, BAFF, and the IgG1 Fc fusion proteins of BAFF-R (BAFF-R:Fc) and TACI (TACI: Fc) were purchased from R&D Systems. The small interfering RNAs (siRNAs) against STAT1 (Hs_STAT1_6 HP validated siRNA; SI02662324), IFN-␣␤ receptor 2 (IFNAR2) (Hs_IFNAR2_2 HP siRNA; SI00017500), and the no effect control were obtained from Qiagen.
Cell culture, treatments, and transfection
The adeno 12 SV40-transformed human bronchial epithelial cell line, BEAS-2B, was a gift from C. Harris (National Cancer Institute, Bethesda, MD) (35) and cultured in DMEM/F12 (Invitrogen Life Technologies) supplemented with 5% heat-inactivated FBS (Invitrogen Life Technologies), 2 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin (Invitrogen Life Technologies). Human primary bronchial epithelial cells (PBEC) were obtained, as described previously (36) . PBEC were maintained in serum-free LHC-9 medium (BioSource International). PBEC were plated in 12-or 24-well culture plates coated with collagen (Vitrogen; Collagen Biomaterials). Before stimulation, PBEC were cultured in serumfree LHC-8 medium without hydrocortisone (BioSource International) for at least 2 days. Either type of airway epithelial cells was stimulated with one of the following at the indicated concentration: 10 g/ml PGN, 100 g/ml zymosan, 25 g/ml dsRNA, 1 g/ml LPS, 10 ng/ml flagellin, 1 g/ml R-848, and 3 g/ml CpG-A for 18 h; or 100 ng/ml IL-1␤, 100 ng/ml IL-4, 100 ng/ml IL-6, 100 ng/ml IL-10, 100 ng/ml IL-12, 100 ng/ml IL-15, 100 ng/ml TNF-␣, 1000 U/ml IFN-␤, 100 ng/ml IFN-␥, 100 ng/ml TGF-␤, 100 ng/ml G-CSF, and 100 ng/ml GM-CSF for 6 h.
BEAS-2B cells were seeded at low density (5 ϫ 10 4 cells/well) overnight in DMEM/F12 supplemented with 5% heat-inactivated FBS. At 30 -50% confluence, cells were transfected with siRNA against STAT1, IF-NAR2, or control RNA at 5 or 20 nM using HiPerFect transfection reagent (Qiagen), following the manufacturer's instruction. The transfected cells were further grown for 72 h, and then stimulated with 1000 U/ml IFN-␤ and 25 g/ml dsRNA for 6 h.
Real-time PCR and RT-PCR
Total RNA was extracted using RNeasy (Qiagen) and was digested with DNase I (Qiagen), according to the manufacturer's instructions. Singlestrand cDNA was synthesized with SuperScript II reverse transcriptase (Invitrogen Life Technologies) and random primers. Real-time RT-PCR was performed with a TaqMan method using an Applied Biosystems 7500 Sequence Detection System (Applied Biosystems) in 20 l reactions (10 l of 2ϫ TaqMan Master mix (Applied Biosystems), 400 nM each primer, and 200 nM TaqMan probe plus cDNA). Primer and probe sets for four genes, BAFF (sense, 5Ј-TCGATGTATTCAAAATATGCCTGAAA-3Ј; antisense, 5Ј-TGCAATGCCAGCTGAATAGC-3Ј; MGB-probe, 5Ј-CTA CCCAATAATTCC-3Ј), APRIL (sense, 5Ј-AGAGCAGTGCTCACCCA AAAAC-3Ј; antisense, 5Ј-GCCACATCACCTCTGTCACATC-3Ј; MGBprobe, 5Ј-CACCTGGTTCCCATTAA-3Ј), CD40L (sense, 5Ј-CTCTATTA TATCTATGCCCAAGTCACCTT-3Ј; antisense, 5Ј-GACTTTAGGCAGA GGCTGGCTA-3Ј; MGB-probe, 5Ј-CGAGTCAAGCTCC-3Ј), and GAP DH (sense, 5Ј-GAAGGTGAAGGTCGGAGTC-3Ј; antisense, 5Ј-GAAGA TGGTGATGGGATTTC-3Ј; FAM/TAMRA-labeled probe, 5Ј-CAAGCT TCCCGTTCTCAGCC-3Ј) were synthesized at Applied Biosystems. Realtime PCR for IFN-␤ was performed with a SYBR Green I method, as described previously (37) . To determine the exact copy number of the target genes, quantified aliquots of purified PCR fragments of target genes were serially diluted and used as standards in each experiment. Aliquots of cDNA equivalent to 10 ng of total RNA (PCR for IFN-␤ was 125 ng) were used for real-time PCR. The expression levels of mRNA were normalized to the median expression of a housekeeping gene (GAPDH). Conventional RT-PCR was performed using Platinum TaqDNA Polymerase in 50 l reactions (45 l Platinum PCR SuperMix (Invitrogen Life Technologies) and 200 nM each primer plus cDNA). BAFF primers for RT-PCR (sense, 5Ј-GAAATAAGCGTGCCGTTCAGG-3Ј; antisense, 5Ј-TTAGATGTCCC ATGGCGTAGGTC-3Ј) were synthesized at Applied Biosystems.
GeneChip expression analysis
GeneChip analysis was performed, as described previously (38) . Gene expression was measured using the GeneChip Human Genome U133 plus 2.0 probe array (Affymetrix). Data analysis was performed with the GeneChip Operating Software (Affymetrix) and the GeneSpring software version 7.2 (Agilent).
Flow cytometry
BEAS-2B cells were dispersed into a single-cell suspension by incubation with Versene (Invitrogen Life Technologies) for 15 min. Cells were suspended in PBS containing 1.5% BSA and then incubated with either PEconjugated mouse anti-human BAFF mAb (clone: 1D6, IgG1; eBioscience) or PE-conjugated mouse control IgG1 Ab (clone: MOPC-31C; BD Pharmingen) for 30 min in the dark at 4°C. Cells were washed and resuspended in PBS containing 0.1% BSA and immediately analyzed with a BD FACSArray Bioanalyzer (BD Biosciences). Flow cytometry data were analyzed using FlowJo software version 5.6.1 (Tree Star).
Amersham Biosciences) from buffy coat, according to the manufacturer's directions. After lysing erythrocytes, B cells were purified using the MACS system (Miltenyi Biotec) with anti-CD19 MicroBeads (Miltenyi Biotec). The purity of the CD20-positive B cells prepared was always Ͼ99%.
MTT assay
For the analysis of the biological activity of secreted BAFF, BEAS-2B cells were cultured in serum-free DMEM/F12 medium and then stimulated with 1000 U/ml IFN-␤ for 72 h. The supernatant was concentrated 150 -200 times using Centriplus YM-10 (Millipore) and Microcon YM-10 (Millipore). B cells were cultured at a density of 2 ϫ 10 5 cells/100 l/well of a 96-well flat-bottom microtiter plate in RPMI 1640 (Invitrogen Life Technologies) supplemented with 10% FBS, 100 U/ml penicillin, and 100 g/ml streptomycin. Cells were stimulated as indicated with 5 ng/ml BAFF, 10 ng/ml IL-4, 10 g/ml mouse anti-human CD40 mAb (clone: 5C3, IgG1; eBioscience), concentrated supernatant, or combinations of the above for 5 days in the presence or absence of 5 g/ml control IgG1, 5 g/ml BAFF-R:Fc, and 5 g/ml TACI:Fc. To detect intracellular enzyme activity, 10 l of MTT reagent (American Type Culture Collection) was added for the last 4 h of incubation. After 4 h, 100 l of detergent reagent (American Type Culture Collection) was added to all wells, and the plate was incubated in the dark overnight at room temperature. Absorbance at 570 nm was measured using a microtiter plate reader.
Statistical analysis
All data are presented as the mean Ϯ SEM, unless otherwise noted. Differences between groups were analyzed using the paired Student's t test and considered to be significant if p Ͻ 0.05.
Results
Effect of TLR ligands on BAFF and APRIL expression in airway epithelial cells
Growing evidence indicates that B cell proliferation and differentiation occur at mucosal surfaces. To test the possible role of epithelial cells, we first set out to determine the spontaneous expression of mRNA for members of the B cell-activating TNF superfamily ligand such as CD40L, BAFF, and APRIL in unstimulated bronchial epithelial cells using GeneChip and real-time PCR. Neither CD40L (ID: 207892_at), BAFF (ID: 223501_at and 223502_at), or APRIL (ID: 229326_at) was detected in unstimulated BEAS-2B cells using the GeneChip (data not shown). Using real-time PCR, mRNA for BAFF and APRIL were detected, but very weakly expressed in both resting BEAS-2B cells and resting PBEC (Fig. 1, A and B) . The level of mRNA for CD40L was below the detection limit of real-time PCR (data not shown).
To assess whether or not TLR ligands induce CD40L, BAFF, and APRIL expression, BEAS-2B cells and PBEC were treated with PGN (TLR2 ligand), zymosan (TLR2 ligand), dsRNA (TLR3 ligand), LPS (TLR4 ligand), flagellin (TLR5 ligand), R-848 (TLR7/8 ligand), and CpG-A (TLR9 ligand) for 18 h. mRNA for BAFF was significantly induced by stimulation with dsRNA in BEAS-2B cells (376-fold; n ϭ 4; p Ͻ 0.05) (Fig. 1A) . LPS induced a nonsignificant increase in BAFF expression in BEAS-2B cells (4-fold; n ϭ 4; p ϭ 0.068), whereas ligands for TLR 2, 5, 7/8, and 9 had no effect. In contrast, mRNA for APRIL and CD40L were not induced by any of the TLR ligands tested in BEAS-2B cells, even after stimulation up to 72 h (Fig. 1A and data not shown). Results were similar in PBEC, with the exception that BAFF was not induced by LPS, and APRIL was significantly induced only by dsRNA (7-fold; n ϭ 4; p Ͻ 0.05) (Fig. 1B) . BAFF mRNA was significantly up-regulated by dsRNA in PBEC (224-fold; n ϭ 4; p Ͻ 0.05). We also examined the effect of TLR ligands on the induction of BAFF and APRIL in human primary nasal epithelial cells. mRNA for BAFF and APRIL was also significantly induced by dsRNA in human primary nasal epithelial cells, and these effects were the same as those observed in PBEC (data not shown). ) were incubated for 18 h with 10 g/ml PGN, 100 g/ml zymosan, 25 g/ml dsRNA, 1 g/ml LPS, 10 ng/ml flagellin, 1 g/ml R-848, or 3 g/ml CpG-A, as indicated, and then mRNA was extracted and analyzed for BAFF and APRIL using real-time PCR. C, BEAS-2B cells or PBEC were incubated for 18 h with 25 g/ml dsRNA, and then expression of mRNA for full-length BAFF (246 bp), ⌬BAFF (189 bp), and GAPDH (226 bp) was analyzed by conventional RT-PCR. D, BEAS-2B cells were incubated for 6 h with 0.25-25 g/ml dsRNA, and then expression of mRNA for BAFF was analyzed by real-time PCR. E, BEAS-2B cells were incubated with 25 g/ml dsRNA (circle) or vehicle control (square) for 0.5-18 h, and then expression of mRNA for BAFF was analyzed by real-time PCR. The copy number is expressed as the number of transcripts/ng total RNA. The results are shown as the mean Ϯ SEM of three to five independent experiments. ‫,ء‬ p Ͻ 0.05.
Because the absolute levels of mRNA and relative increase induced by dsRNA were higher for BAFF than for APRIL, we have focused our studies in BAFF. Recently, ⌬BAFF, which has been shown to be a natural negative regulator of BAFF, has been identified. ⌬BAFF is a spliced isoform of BAFF and it lacks exon 3 containing 57 bp (39, 40) . We examined whether the form of BAFF induced by dsRNA was the active form or the inactive ␦ form using conventional RT-PCR. Although the ⌬BAFF isoform was found to be expressed in the dsRNA-treated BEAS-2B and PBEC, it was only a minor isoform (Fig. 1C) . To further examine the details of the induction of mRNA for BAFF by dsRNA, we determined the concentration and the time dependence of the response in BEAS-2B cells. BAFF mRNA was induced by concentrations of dsRNA as low as 0.25 g/ml and with a time lag of ϳ3 h (Fig. 1, D and E) .
BAFF exists as a type II membrane protein as well as a soluble protein derived from the membrane-bound form by cleavage with a putative furin family protease (20, 21, 41) . To confirm epithelial expression of BAFF protein, we assayed the cell surface expression using flow cytometry and measured the concentration in the culture supernatant using a specific ELISA. Low levels of membrane-bound BAFF (mBAFF) were detectable only after stimulation of BEAS-2B cells with dsRNA ( Fig. 2A) . In contrast, significant levels of soluble BAFF (sBAFF) were detected in the supernatant after stimulation with dsRNA. Appearance of sBAFF occurred in a time-dependent manner in BEAS-2B cells (maximum at 72 h of culture: control, undetectable; dsRNA treated, 228 Ϯ 8 pg/ml; n ϭ 3; Fig. 2B ). In PBEC, sBAFF was also strongly induced by dsRNA (72-h culture: control, undetectable; dsRNA treated, 97 Ϯ 15 pg/ml; n ϭ 3; Fig. 2C ). These results indicate that stimulation of airway epithelial cells with dsRNA induces significant expression of both BAFF mRNA and BAFF protein. To investigate the polarity of BAFF production, we used a transwell system. After confluence, BEAS-2B cells were stimulated with 25 g/ml dsRNA for 48 h. The supernatant was concentrated to 100 l using Microcon YM-10. These showed that airway epithelial cells produced BAFF protein on both the apical and basolateral sides of the monolayer after stimulation with dsRNA (apical, 401 Ϯ 63 pg/ml; basolateral, 234 Ϯ 17 pg/ml; n ϭ 4).
Effect of cytokines on BAFF expression in airway epithelial cells
Published studies indicate that BAFF is induced in monocytes, macrophages, dendritic cells, neutrophils, nurse-like cells, astrocytes, and salivary gland epithelial cells by several cytokines, including IL-10, IFN-␣, IFN-␤, IFN-␥, and G-CSF (15, (41) (42) (43) (44) (45) . We therefore examined whether cytokines were able to induce BAFF expression in airway epithelial cells. BEAS-2B cells and PBEC were incubated with IL-1␤, IL-4, IL-6, IL-10, IL-12, IL-15, TNF-␣, IFN-␤, IFN-␥, TGF-␤, G-CSF, and GM-CSF for 6 h. mRNA for BAFF was significantly up-regulated by TNF-␣ (6-fold; n ϭ 4; p Ͻ 0.05), IFN-␤ (485-fold; n ϭ 4; p Ͻ 0.05), and IFN-␥ (26-fold; n ϭ 4; p Ͻ 0.05), but not by the other cytokines tested in BEAS-2B cells (Fig. 3A) . Similar results were obtained in PBEC, with the exception that TNF-␣ did not significantly induce BAFF (Fig. 3B) . BAFF was induced by IFN-␤ (21-fold; n ϭ 4; p Ͻ 0.05) and IFN-␥ (2-fold; n ϭ 4; p Ͻ 0.05) in PBEC (Fig. 3B) .
Role of IFN-␤ in dsRNA-induced BAFF expression
Among the cytokines tested, IFN-␤ induced the highest level of BAFF expression. We therefore investigated further the potential role that IFN-␤ may play in the induction of mRNA for BAFF. BEAS-2B cells were incubated with different concentrations of 
FIGURE 3. Effect of cytokines on the expression of BAFF in airway epithelial cells. BEAS-2B cells (A) and PBEC (B)
were incubated for 6 h with 25 g/ml dsRNA, 100 ng/ml IL-1␤, 100 ng/ml IL-4, 100 ng/ml IL-6, 100 ng/ml IL-10, 100 ng/ml IL-12, 100 ng/ml IL-15, 100 ng/ml TNF-␣, 1000 U/ml IFN-␤, 100 ng/ml IFN-␥, 100 ng/ml TGF-␤, 100 ng/ml G-CSF, or 100 ng/ml GM-CSF, as indicated. The level of BAFF mRNA was determined by real-time PCR. The results are shown as the mean Ϯ SEM of three to four independent experiments. ‫,ء‬ p Ͻ 0.05. IFN-␤ for up to 6 h. BAFF mRNA was strongly induced by IFN-␤ in a dose-dependent manner (Fig. 4A) . Surprisingly, concentrations of IFN-␤ as low as 1 U/ml (ϳ1 pg/ml) induced BAFF expression (Fig. 4A) . Induction of mRNA for BAFF by IFN-␤ occurred very rapidly, as quickly as 1 h after stimulation with IFN-␤ (Fig. 4B) . The response to IFN-␤ was more rapid than the response to dsRNA, which required 3 h to be apparent (Figs. 1E and 4B) . These results indicate that IFN-␤ is a potent and rapid stimulator of BAFF expression in airway epithelial cells.
It has been reported that IFN-␤ expression is also strongly induced by virus infection or dsRNA stimulation of airway epithelial cells (46, 47) . We examined the influence of dsRNA on expression of IFN-␤ in epithelial cells. Stimulation with dsRNA rapidly and strongly induced IFN-␤ mRNA (Fig. 4C) . If BAFF expression in response to dsRNA occurs as a result of induction of IFN-␤, then inhibition of protein synthesis should prevent the expression of mRNA for BAFF, but not IFN-␤. BEAS-2B cells were treated with DMSO (vehicle control) or the protein synthesis inhibitor cycloheximide for 1 h, and then stimulated with dsRNA for 3 h. Up-regulation of mRNA for BAFF was significantly and dose dependently inhibited by cycloheximide (Fig. 5A) . In contrast, induction of mRNA for IFN-␤ by dsRNA was not inhibited by cycloheximide (Fig. 5A) . In fact, induction of IFN-␤ mRNA was enhanced by cycloheximide, suggesting the presence of a shortlived or inducible inhibitor of the induction of IFN-␤. Although these results do not prove that BAFF expression is secondary to the expression of IFN-␤, they do demonstrate that BAFF is not an immediate early gene in this response, despite the fact that it is rapidly induced. It has been reported that the JAK inhibitor, referred to as JAK inhibitor I (JAKI), inhibits activation of STAT proteins by several JAK family kinases, including JAK1, JAK2, JAK3, and tyrosine kinase 2 (Tyk2) (48, 49) . Signaling induced by IFN-␤ via IFNAR1 and IFNAR2 is known to involve the activation of STAT1 and STAT2 by JAK1 and Tyk2. To determine whether induction of BAFF by dsRNA was mediated by an autocrine/paracrine pathway using IFN-␤, we treated BEAS-2B cells with DMSO or JAKI for 1 h, and then stimulated with dsRNA for 6 h. Induction of mRNA for BAFF by dsRNA was dose dependently and significantly inhibited by JAKI (Fig. 5B) . Finally, to investigate the mechanism of BAFF induction by dsRNA more carefully, we knocked down IFN-signaling molecules. BEAS-2B cells were transfected with siRNA against control RNA, STAT1, or IFNAR2, and then stimulated with IFN-␤ and dsRNA for 6 h. Induction of BAFF by IFN-␤ and dsRNA was significantly inhibited by siRNA against STAT1 and IFNAR2, but not by control RNA (Fig. 5C ). These results suggest that BAFF is induced by dsRNA in airway epithelial cells, and that the response results via an autocrine/paracrine pathway involving IFN-␤.
Effect of glucocorticoids on induction of BAFF
Glucocorticoids are a mainstay in the treatment of diseases characterized by airway inflammation such as asthma, chronic obstructive pulmonary disease, and chronic rhinosinusitis (50) . We investigated whether glucocorticoids were able to suppress the dsRNA-dependent production of BAFF in airway epithelial cells. BEAS-2B cells were treated with DMSO or the potent topical glucocorticoid FP for 2 h, and then stimulated with dsRNA for 18 h. Induction of mRNA for BAFF was significantly and dose dependently inhibited by FP (Fig. 6, A and C) . To confirm this phenomenon at the protein level, we measured the production of sBAFF (72-h culture) and mBAFF (24-h culture). We found that induction of both sBAFF and mBAFF by dsRNA was strongly inhibited by FP in BEAS-2B cells (Fig. 6, D and E) . In PBEC, similar results were obtained when we analyzed mRNA for BAFF. Induction of mRNA for BAFF was significantly inhibited by FP in PBEC, but to a lesser extent than in BEAS-2B cells (Fig. 6B) .
Functional activity of epithelial cell-derived BAFF
It has been reported that BAFF directly promotes proliferation, cell survival, CSR, and Ig production in B cells through a CD40-independent and T cell-independent pathway (15, 19 -21, 24) . We therefore investigated whether epithelial cell-derived BAFF was able to induce B cell survival using a MTT assay. We used supernatants from IFN-␤-treated cells in a functional assay based upon B cell proliferation. Purified human B cells were stimulated with BAFF or concentrated supernatant in the presence or absence of IL-4 for 5 days. Interestingly, control supernatants from epithelial cells significantly suppressed B cell proliferation. Compared with supernatants from unstimulated epithelial cells, IFN-␤-treated supernatants increased B cell survival (Fig. 7A) . To determine whether this effect depended on epithelial cell-derived BAFF, we used Fc fusion proteins of the BAFF-Rs, BAFF-R and TACI, to absorb BAFF. Enhancement of cell survival by supernatants of IFN-␤-treated epithelial cells was significantly inhibited by BAFF-R:Fc and TACI:Fc, but not by control IgG1 (Fig. 7B) . In contrast, anti-CD40-dependent and CpG-dependent B cell proliferation was not inhibited by either BAFF-R:Fc or TACI:Fc (Fig. 7B and data not shown). These results suggest that epithelial cell-derived BAFF is functionally active.
Discussion
This study provides the first direct demonstration that airway epithelial cells can produce the B cell-activating TNF family members, BAFF and APRIL ( Figs. 1 and 2 ), although BAFF production by epithelial cells from salivary glands has been published recently (45) . BAFF is a centrally important regulator and activator of B cells and has been recognized to be a main product of myeloid cells such as monocytes, macrophages, dendritic cells, neutrophils, and nurse-like cells. The quantity of BAFF produced by airway epithelial cells in these experiments (ϳ100 -200 pg/10 6 cells) is of the same order of magnitude as those produced by myeloid cells, which have been reported to generate 100 -500 pg/10 6 cells in a 72-h culture (15, (41) (42) (43) .
TLRs play important roles linking innate immunity and adaptive immunity, and airway epithelial cells have been shown to express functional TLR, notably TLR2-6 (6, 33, 34) . Among the TLR ligands that we tested in this study, only dsRNA, a TLR3 ligand and mimic of viral RNA and viral replication, induced BAFF expression in primary bronchial epithelial cells. BAFF was also induced by LPS in the BEAS-2B-immortalized cell line, but not in PBEC (Fig. 1) . Although epithelial cells express TLR4, and we might have expected a more robust response to LPS, previous studies have shown that production of IFN-␤ by LPS is regulated by serum LPS-binding protein (37) . In addition, soluble CD14 is required for activation of epithelial cells by LPS due to the lack of membrane-bound CD14 on airway epithelial cells (33, 51) . In the present experiments, we used serum-free medium in the culture of primary bronchial epithelial cells, to avoid contamination with fibroblasts. This may explain the lack of production of IFN-␤ and BAFF by PBEC after stimulation with LPS. The failure of other TLR ligands tested to induce expression of BAFF may reflect low levels of receptor expression or adaptor proteins involved in the respective responses.
IFN-␤ is known to be an immediate early gene, i.e., one in which mRNA expression is induced without the requirement for protein synthesis. IFN-␤ is directly induced by bacterial and viral PAMPs such as LPS, dsRNA, ssRNA, and CpG motif-containing DNA via TLR-dependent or TLR-independent signaling (37, 38, 52-54). The IFNARs are composed of two subunits, IFNAR1 and IFNAR2, which are associated with members of the JAK family, specifically Tyk2 and JAK1, respectively (52, 55, 56) . Activation by IFN-␤ of the JAKs that are associated with the IFNAR results in tyrosine phosphorylation of STAT1 and STAT2. This leads to the formation of a STAT1-STAT2-IFN regulatory factor 9 complex that is known as IFN-stimulated gene factor 3, and formation of STAT1-STAT1 homodimers. These complexes translocate to the nucleus, bind to IFN-stimulated response elements (in the case of IFN-stimulated gene factor 3) and IFN-␥-activated sites (in the case of STAT1 homodimer) in the promoter regions of relevant genes, and initiate gene transcription (52, 55, 56) . Several lines of evidence indicate that IFN-␤ played a critical role in the induction of BAFF by dsRNA in the present study: 1) dsRNA induced the expression of IFN-␤ more rapidly than it induced expression of BAFF (Figs. 1E and 4C) ; 2) the addition of IFN-␤ induced BAFF more rapidly than dsRNA induced BAFF (Fig. 4B); 3) inhibition of protein synthesis by cycloheximide reduced induction of BAFF by dsRNA suggestion that it is indirect (Fig. 5A) ; 4) inhibition of JAK kinase by JAKI suppressed induction of BAFF by dsRNA (Fig.  5B) ; and 5) induction of BAFF by dsRNA was significantly suppressed by siRNA knockdown of STAT1 and IFNAR2 (Fig. 5C ). Taken together, these results suggest that dsRNA induces expression of IFN-␤, which in turn activates expression of BAFF. Although this mechanism has been demonstrated for other IFN target genes (52), it has not been shown for induction of BAFF by dsRNA. Litinskiy et al. (15) have shown that human dendritic cells and monocytes up-regulate BAFF and APRIL upon stimulation with IFN-␣, IFN-␥, and LPS; however, they have not described the mechanism. This suggests that induction of BAFF expression by dsRNA and other PAMPs that induce IFN may be a secondary effect of expression of IFN-␣ or IFN-␤.
It has been reported that sBAFF is derived from the membranebound form by cleavage with a putative furin family protease or derived from intracellular processing of the longer form by the same enzyme (20, 21, 41, 42) . In airway epithelial cells, production of sBAFF by dsRNA occurred in a time-dependent manner (Fig. 2) . In contrast, expression of mBAFF peaked at 12-24 h after stimulation ( Fig. 2 and data not shown) . Production of sBAFF by dsRNA was completely suppressed by decanoyl-Arg-Val-LysArg-chloromethylketone, a specific furin convertase inhibitor (42) , in BEAS-2B cells (data not shown). Furin mRNA (ID: 201945_at) was detected in BEAS-2B and primary epithelial cells in our GeneChip analysis (data not shown). These results suggest that the mechanism of production of sBAFF in airway epithelial cells may be similar to that found in myeloid cells.
BAFF is a B cell survival factor and a costimulator of B cell proliferation and Ab secretion. Recently, Gavin et al. (39, 40) have identified a splice isoform of BAFF that is called ⌬BAFF in both mouse and human. The ⌬BAFF transcripts of human and mouse are devoid of exons 3 and 4, respectively. ⌬BAFF may oppose the effects of BAFF, as ⌬BAFF transgenic mice have been shown to have a significant reduction in mature B cell numbers, whereas mature B cells are expanded in BAFF transgenic mice (40) . The ⌬BAFF isoform is detected in human myeloid cells, but it is a minor isoform (39) . In airway epithelial cells, the ⌬BAFF isoform was present and induced by dsRNA, but it was only a minor isoform (Fig. 1C) . Future studies are required to determine whether epithelial cells produce ⌬BAFF protein.
Functional analysis showed that concentrated supernatants from IFN-␤-treated BEAS-2B cells stimulated B cell proliferation and/or survival through a mechanism that partially involves BAFF. This activity was observed despite the fact that supernatants from unstimulated BEAS-2B cells suppressed B cell survival (Fig. 7A) . The cell survival-inducing activity found in IFN-␤-treated supernatants was probably due to BAFF based upon inhibition of the response with fusion proteins specific for BAFF-Rs (BAFF-R:Fc and TACI:Fc), but not control IgG1 (Fig. 7B) . BAFF-R:Fc and TACI:Fc did not inhibit CD40-dependent proliferation and/or cell survival, establishing specificity (Fig. 7B) . These results suggest that the BAFF produced by dsRNA-and IFN-␤-stimulated airway epithelial cells is functionally active. The identity of the suppressive activity found in supernatants of unstimulated BEAS-2B is worthy of future investigation.
We examined whether glucocorticoids can inhibit dsRNA-dependent BAFF production, because glucocorticoids are widely used in the therapeutic management of inflammatory airway diseases. In vivo studies in human subjects have demonstrated that glucocorticoids inhibit the seasonal increase in IgE in the airways and in the serum of allergic individuals (57, 58) . The prevailing view is that glucocorticoids achieve these effects by inhibiting the production of cytokines such as IL-4 and IL-13 that induce CSR, because B cell responses in vitro are resistant to glucocorticoids. As shown in Fig. 6 , the potent topical glucocorticoid FP significantly inhibited induction of both BAFF mRNA and BAFF protein by dsRNA in BEAS-2B cells. Expression of BAFF mRNA induced by dsRNA in PBEC was also inhibited by FP (Fig. 6B) . Future clinical studies are required to investigate whether glucocorticoids suppress BAFF induction in vivo.
Local activation of B cell proliferation, CSR, and Ab production is likely to be of great importance in immunity of the airways to pathogens. In asthma, disease exacerbations are usually triggered by infection with airway-targeting viruses, especially rhinovirus, respiratory syncytial virus, influenza virus, and adenovirus (59 -61) . The ability of the local tissue to mount a rapid and effective local Ig response against virus is most likely to be important in the limitation of the extent and severity of virus-induced tissue damage. Local expression of germline transcripts and excision circles for IgE and activation-induced cytidine deaminase, essential regulators of CSR, has been demonstrated to occur in the airway mucosa following nasal challenge with allergen or diesel exhaust extracts (9 -11, 62, 63) . B cell clusters are found in the lamina propria of the nasal mucosa (11, 64) . IgE-expressing B cells and plasma cells are found in the lamina propria, but not in the epithelium (64) . IgA and IgE are also found in the bronchial lavage and in the nasal lavage of allergic patients (65, 66) . The levels of Ag-specific IgE are frequently found to be much higher in the airways and in the nasal mucosa than they are in the serum (65) (66) (67) . Thus, the local CSR and activation of B cells may be an event that is important both in disease pathogenesis and protection from pathogens. Our data show that BAFF protein is detected on both the apical and basolateral sides of cultured epithelial cells. Our results suggest that local activation of B cells in the airways may depend in part on epithelial production of BAFF and APRIL. In inflammatory lung diseases, activated airway epithelial cells produce chemokines that recruit many cell types capable of producing type I IFN, including monocytes, macrophages, and dendritic cells (50, 68) . These recruited cells produce IFNs directly and also produce BAFF via autocrine pathways involving IFNs when stimulated with PAMPs and cytokines (15) . Production of IFN by infiltrating inflammatory cells could activate epithelial cells to produce BAFF in vivo.
Recently, Sutherland et al. (69) have shown that BAFF transgenic mice have suppressed OVA-induced allergic airway responses, including reduced eosinophils in BALF and infiltrating leukocytes around airways and pulmonary blood vessels. The studies of Sutherland et al. (69) indicate that high levels of systemic BAFF alter T cell homing to the airways, not T cell priming or B cell responses. Studies targeting BAFF production in the airways will be necessary to determine whether local BAFF produced in the lungs or upper airways can contribute meaningfully to local B cell responses. In a separate clinical study, we have detected mRNA for BAFF and APRIL in nasal scraping epithelial cells and found increased expression of BAFF protein in nasal tissue extracts and nasal lavage from patients with chronic rhinosinusitis (A. Kato, A. T. Peters, R. Kern, D. Conley, L. C. Grammer, and R. P. Schleimer, manuscript in preparation).
In summary, we report in this study that airway epithelial cells produce the B cell-activating factors, BAFF and APRIL. Our findings indicate that BAFF is induced by cytokines and dsRNA in airway epithelial cells, and that the response to the latter results from an IFNAR-mediated autocrine/paracrine pathway of IFN-␤. The production of BAFF and APRIL by epithelial cells may contribute to local accumulation, activation, CSR, and Ig synthesis by B cells in the airway.
